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This  paper  describes  the  process  leading  up  to  and  including  the  mode  locking  of  a 
gain  switched,  photolytic  iodine  laser  of  low  pressures  <  30  Torn  First,  prior  to  mode 
locking,  the  laser  is  characterized  via  output  energy,  pulse  shape  cavity  buildup  time  and 
transverse  and  longitudinal  mode  structures.  Second,  the  gain  on  the  strongest  transition 
line  is  measured  two  ways:  directly  with  a  narrowed  source  of  tunable  1.3  mm  coherent 
light  from  a  solid  state  diode  laser,  and  indirectly  using  energy  absorption  arguments  and 
gain  probe  dimensions. 

Finally,  the  laser  is  mode  locked  through  active  intracavity  modulation  with  an 
acousto-optic  modulator.  Experimental  data  of  minimum  pulse  width  versus  pressure  are 
analyzed  in  detail. 
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1.  INTRODUCTION 


The  purpose  of  this  project  is  to  serve  as  a  test  bed  for  mode  locking  at  very  low 
pressures.  It  is  hoped  that  the  results  can  be  applied  directly  to  mode  locking  a  COIL 
(chemical  oxygen  iodine  laser)  device  which  typically  operates  at  very  low  pressures  within 
the  exit  region  of  its  supersonic  nozzles.  This  thesis  describes  theoretical  and  experimental 
results  to  achieve  this  goal. 

The  system  to  be  tested  is  a  mode  locked,  longitudinally  pumped,  gain  switched, 
photolytic  iodine  laser  operating  at  1.315  jim.  A  KrF  (krypton  fluoride)  excimer  laser 
operating  at  248  nm,  produces  an  18-20  ns  pump  pulse  which  is  directed  longitudinally 
into  a  cell  containing  CF3I  at  pressures  from  2-30  Torr.  The  CF3I  absorbs  the  ultraviolet 
(UV)  light  during  the  photolysis  event  and  produces  I*  (or  2P1/2)  in  a  time  short  by 
comparison  to  the  mode  build  up  time.  The  upper  state  of  atomic  iodine  is  spilt  into  two 
hyperfine  levels  and  the  population  is  distributed  statistically  there  [1].  The  other  lower 
energy  fine  structure  state,  I  or  2P3/2,  is  split  into  four  hyperfine  levels.  Magnetic  dipole 
transitions  are  allowed  between  the  upper  and  lower  hyperfine  states.  Magnetic  dipole 
selection  rules  give  6  radiative  transitions  between  the  hyperfine  levels  with  the  3-4  (from 
the  2P1/2,  F  =  3  to  the  2P3/2,  F  =  4)  being  the  strongest.  Numerous  processes  act  upon  the 
inverted  population  with  the  cavity  .as  the  stimulated  signal  builds  out  of  statistical  noise. 
The  radiative  processes  include  the  original  pump  pulse,  spontaneous  emission,  and 
stimulated  emission.  The  non-radiative  processes  include  hyperfine  relaxation,  quenching, 
recombination  and  dimerization.  While  the  radiative  and  non-radiative  processes  occur,  an 
intracavity  loss  modulator  selectively  provides  loss  at  a  frequency  equal  to  c/2L,  where  c  is 
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the  speed  of  light  and  L  is  the  cavity  length.  The  effect  is,  that  during  buildup  of  energy 
within  the  laser,  various  longitudinal  modes  are  brought  into  a  constant  phase  relationship. 
The  summed  effect  of  various  intracavity  frequencies  is  an  output  train  of  pulses  spaced  by 
c/2L  whose  width  is  relatively  narrow.  The  ultimate  pulse  width  is  limited  by  the 
modulator's  ability  to  provide  loss,  the  gain  bandwidth,  and  the  type  of  broadening 
(homogenous  or  inhomogenous)  that  the  gain  experiences. 

Chapter  two  of  the  text  will  explore  the  details  of  the  theory  involved  in  all  the 
above  mentioned  processes.  A  short  review  of  the  atomic  energy  structure  and  its  radiative 
and  non-radiative  process  will  be  given.  The  emphasis  in  this  chapter  will  be  placed  on 
mode  locking  theory  and  its  relationship  to  this  thesis. 

Chapter  three  gives  a  detailed  outline  of  the  experiment.  The  equipment  used  and 
its  limitations  will  be  discussed.  The  o\  sail  layout  of  the  experimental  laser  and  associated 
test  equipment  will  be  presented.  The  details  of  data  acquisition  and  associated  problems 
will  also  be  discussed. 

Chapter  four  will  first  include  a  discussion  of  the  characteristics  of  the  excimer 
pumped  photolytic  iodine  laser  prior  to  mode  locking  it.  Information  regarding  the 
characteristics  of  the  mode  locked  laser  system  will  get  the  most  attention.  The  associated 
error  analysis  will  be  presented  with  each  piece  of  data  shown. 

Conclusions  will  be  drawn  in  chapter  five  for  the  project  with  regards  to  original 
objectives. 

Finally,  in  chapter  six,  suggestions  to  improve  this  experiment  and  to  study  new 
areas  will  be  presented. 
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2.  THEORY 


2 . 1  Historical  Review  and  Direction  of  Theory 

To  date,  extensive  research  literature  has  accumulated  concerning  the  atomic  iodine 
laser.  This  research  is  motivated  due  to  excited  iodine's  (I*  or  2PI/Z)  ability  to  lase  at  a 
wavelength  (X)  of  1.315  pm  between  hyperfine  energy  levels.  The  resultant  infrared 
output  has  been  thoroughly  studied  and  used  in  many  experiments  including  fusion 
oriented  plasma  experiments  with  the  Asterix  IH/TV  laser  at  the  Max-Plank-Institute  for 
Quantcnoptic  (MPQ),  Garching  [2] 

To  obtain  excited  iodine  and  employ  it  as  a  gain  medium,  many  alkyl  iodides  have 
been  tested  in  concert  with  various  pumping  schemes.  Here  is  a  partial  list  of  the  more 
important  gain  media  that  can  be  excited  via  photolysis  to  obtain  I* 


Medjaf31 

Punro  Source  Type  T41 

CF3I 

Flash  Lamps 

c2f5i 

Open  High  Current  Discharge 

C3F7I 

Excimer  Light  Sources 

C4F9I  [5] 

Despite  the  extensive  amount  of  photolysis  I*  research,  very  litde  work  has  taken 
place  at  very  low  pressures.  To  date,  most,  if  not  all,  research  into  mode  locking  an  I* 
laser  has  taken  place  at  80  Torr  [6]  or  above  and  usually  is  accompanied  by  a  buffer  gas  to 
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assist  in  pressure  broadening  the  gain  spectrum.  This  project,  however,  will  serve  as  a 
photolytic  test  bed  for  mode  locking  at  very  low  pressures  where  inhomogenous  gain 
broadening  is  dominate. 

2.2  Energy  Structure  of  Atomic  Iodine 

The  energy  structure  of  atomic  iodine  has  been  extensively  studied  [7].  Typical 
quantum  mechanical  analysis  involves  combining  the  LS  Coupling  scheme  with  the 
nuclear  spin  (1=5/2)  to  quantify  the  hyperfine  structure.  Figure  2-1  represents  the  fine  and 
hyperfine  structure  of  atomic  iodine  in  units  of  wave  numbers  (cm1). 


2F+1 

7 

5 


9 

7 

5 
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Figure  2-1  "Atomic  Iodine  Energy  Levels" 


RADIATIVE  TRANSITIONS 


In  general,  the  electromagnetic  field  produced  by  an  atom  can  be  written  as  a  series 
expansion  of  the  electrical  and  magnetic  multipole  terms,  each  of  which  has  its  own 
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characteristic  field  pattern  [8].  It  has  been  shown  that  these  characteristic  multipoles  and 
their  fields  obey  selection  rules  based  on  the  parity  of  the  initial  and  final  states  of  7t»  (Parity 
of  the  Atomic  State)  and  Jtr  (Parity  of  the  Radiation  Field).  The  result  of  the  selection  rules 
is  to  define  a  set  of  possible  multi  pole  order  radiative  transitions  between  the  2Pi/2  and  the 
2Pj/2  states.  In  principle,  magnetic  dipole,  electric  quadrupole,  magnetic  octopole  and 
higher  order  multipoles  are  all  possible  [9],  but  the  magnetic  dipole  transition  dominates. 
Using  the  AF  =  0,  ±1  selection  rule  (where  F  is  the  total  angular  momentum),  the  six 
allowable  transitions  are  shown  in  Figure  2-2  matched  with  their  associate  spectrum  data. 


Figure  2-2  "Allowable  Transitions  and  Spectrum  Data” 


The  possible  radiative  transitions  will  have  a  relative  intensity  proportional  to  their 
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respective  A  (Einstein)  coefficients  for  the  transition  of  interest.  The  A-coefficient  for  the 
magnetic  dipole  radiative  transition,  Ami  can  be  written  [10] 


A*1  ~  - V fma,  |/i|  [2.2-4] 

where  k  -  Wave  Vector 

h  =  Planck' s  Constant 
HB  =  Bohr  Magneton 
/i  =  Electric  Dipole  Moment  Operator 
1/  =  Wave  Function  at  Respective  State 


The  resultant  A-Coefficients  with  relative  intensity  for  the  allowed  transitions  [1 1]  are 


Transition 

A-Coefficient 

Normalized 

Intensity 

2-3 

2.46 

0.346 

2-2 

3.07 

0.432 

2-1 

2.37 

0.333 

3-4 

5.08 

1.000 

3-3 

2.20 

0.433 

3-2 

0.63 

0.124 

Figure  2-3  "Einstein  A-Coefficients  in  sec1" 


2.3  Laser  Processes 


I*  PRODUCTION 


With  the  energy  structure  of  atomic  iodine  known,  it  is  time  to  backtrack  and  look  at 
the  mechanism  which  produces  I*  and  with  what  efficiency  that  occurs.  During 
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photolysis,  one  photon  of  UV  light  is  absorbed  and  the  effect  can  be  represented  by  the 
following  equation 


CF3I  +  hujaam  -*  CFj  +  I*  [2.3-1] 

At  248  nm  the  cross  section  of  absorption  o  is  3xl0'18  cm2  for  CF3I  [12].  Measured 
values  of  quantum  yield  for  this  process  approach  100%  [13]  and  will  be  assumed  as  such 
for  the  purposes  of  this  text. 

Once  the  I*  is  created,  numerous  other  processes  act  upon  it  within  the  laser  cavity. 
These  processes  include  hyperfine  relaxation,  quenching,  recombination,  dimerization,  and 
spontaneous  and  stimulated  emission.  Figure  2-4  is  a  pictorial  representation  of  the  above 
mentioned  processes. 


Figure  2-4  "Kinetic  Processes  in  an  Atomic  Iodine  Laser" 


One  only  needs  to  include  all  events  of  interest  in  a  rate  equation  model  to  determine  the 
population  of  I*  as  a  function  of  time.  With  the  population  of  I*  known,  the  output  of  the 
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laser  can  be  determined.  The  rate  equations  for  each  hyperfine  level  and  associated 
circulating  intensity  equations  are  listed  in  appendices  8.1  &  8.2  and  have  been 
incorporated  into  a  computer  model  [14].  This  model  simulates  a  pulsed  photolytic  laser 
and  will  be  referenced  throughout  this  text. 

2.4  Mode  Locking  Theory 

The  basic  principle  of  mode  locking  can  be  illustrated  in  the  summing  of  multiple 
electric  fields  each  with  an  individual  complex  field  of 


E(f)  =  £e>("+#>  [2.4-1] 

where  g>  is  the  frequency,  <]>  is  the  phase  factor,  j  =-i,  and  £  is  the  complex  amplitude.  The 
most  obvious  case  to  start  with  is  the  summing  of  two  waves  in  the  frequency  domain. 
The  output  electric  field  is 


E(t )  =  Re[£ley(-,*^')  +  E2eiiu^)]  [2.4-2] 

After  taking  the  real  part  and  squaring,  the  intensity  is  given  by 

/(*)=|E(r)f  =  ^I+^,+2£i£!cos[(<B!-<Bl)r+^-0,]  [2.4-3) 

This  is  illustrated,  for  equal  amplitudes,  by  Figure  2-5. 


8 


Figure  2-5  "Mode  Beating  Non  Pulsed" 

This  behavior  is  readily  seen  in  a  Q-switched  laser  [15]  with  two  longitudinal  modes  as 
shown  in  Figure  2-5. 


Figure  2-6  "Mode  Beating  in  a  Q-Switched  Laser" 


When  only  two  modes  are  present,  this  type  of  "mode- locked*'  pulse  is  called  mode 


beating.  The  phase  terms  in  equation  2.4-3  are  not  relevant  to  the  shape  of  the  intensity 
output  in  this  case  as  the  mode-beating  pulse  is  always  “mode-locked”.  When  three  or 
more  modes  are  summed  together,  interesting  features  develop  in  the  intensity  output  as  the 
relative  phase  terms  are  brought  into  alignment.  Mathematically,  the  same  process  as  above 
can  be  repeated  for  N  frequencies  with  axial  frequency  spacing  of  (!)„.  The  electric  field  is 
[16] 


E(f)=  te 


~  e,M"'  - 1 


[2.4-4] 


And  the  output  intensity  is 

1  —  cos,v/u(Ki  _  sin2 
1-coso.^/  sin2®^/? 


7(0  =  |^(/)|2 


[2.4-5] 


The  mathematical  effect  of  this  series  and  its  ability  to  create  “mode-locked”  pulses  is 
illustrated  quite  well  for  the  cases  of  N  =  3,  4,  5,  6,  and  equal  amplitude  waves.  In  each 
case,  the  peak  intensity  of  the  summed  wave  is  N2  times  the  peak  of  an  individual 
frequency.  As  can  be  seen  in  the  Figure  2-7,  it  takes  very  few  summed  waves,  if  brought 
into  a  constant  phase  relationship,  to  produce  a  series  of  short  intense  pulses.  The  pulses 
will  be  separated  by  a  time  spacing  of  T  if  each  wave  repeats  itself  in  a  periodic  interval  of 
t  =  to  +  nT  for  n,  an  integer  [17]. 
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2 . 5  Loss  Modulation 


The  term  Loss  Modulation  provides  a  starting  point  to  describe  what  happens  when 
a  "Mode  Locker"  is  placed  inside  a  laser  cavity  to  create  ultra-short  pulses  through  AM 
(amplitude)  modulation.  A  Loss  Modulation  device,  as  the  name  implies,  provides  a 
periodic  source  of  transmission  within  a  cavity  experiencing  buildup  via  stimulated 
emission.  The  modulator  is  driven  at  a  frequency  which  corresponds  to  the  round  trip  time 
of  light  within  the  cavity.  The  diffractive  loss  provided  by  the  modulator  insures  the 
needed  constant  phase  relationship  between  frequencies  (separated  by  the  c/21  cavity 
frequency)  building  within  the  laser  cavity.  The  number  of  in-phase  frequencies  that  will 
survive  depends  ultimately  upon  the  amplification  bandwidth  that  the  laser  gain  medium  can 
support  In  addition,  this  frequency  summing  process  differs  significantly  for  gain  media 
whose  broadening  mechanism  is  homogeneous  or  inhomogeneous.  Broadening  types  will 
be  discussed  in  more  detail  shortly. 
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Modulator  Type? 


Various  methods  have  evolved  to  produce  periodic  loss  mechanisms  capable  of 
being  inserted  into  an  optical  cavity.  All  modulators  produce  a  periodic  change  in  the  index 
of  refraction  (n)  along  a  zone  of  interaction  within  the  material  that  the  internal  laser  field 
also  intersects.  Electro-optic  Modulators  (EOM’s)  use  a  varying  electric  field  applied  to  a 
material  which  then  induces  a  periodic  change  of  the  index  of  refraction  of  the  material. 
The  Acousto-optic  Modulator  (AOM)  also  provides  the  same  variation  of  index  of 
refraction  but  uses  instead,  acoustic  standing  waves  generated  by  a  piezoelectric  device 
attached  to  a  material  which  is  sensitive  to  sound  waves.  Both  devices  provide  an  equal 
forum  for  discussion  of  the  theory  of  loss  modulation,  but,  for  the  purposes  of  this  paper, 
I  will  focus  on  the  AOM  and  its  role  in  AM  modulation. 

Historical  Development 

The  origins  of  the  theory  of  acousto-optics  can  be  traced  to  the  work  of  Leon 
Brillouin,  who  in  1921  published  his  paper  on  the  scattering  of  light  by  thermal  acoustic 
agitation  in  liquids  [18],  Brillouin’s  paper  investigated  the  variation  of  index  of  refraction 
of  a  material  to  acoustic  waves.  The  velocity  of  sound  in  the  media  being  investigated  were 
much  smaller  than  that  of  the  light  so  that  Brillouin  assumed  it  was  essentially  standing 
still.  He  then  applied  the  Bragg  condition 

sin(08)  =  /?(A/«A)  [2.5-1] 

where  <Pb  is  the  Bragg  angle  of  incidence  of  the  light  beam,  p  is  an  integer,  X  is  the 
wavelength  of  the  light,  n  is  the  index  of  refraction,  and  A  is  wavelength  of  the  sound,  to 
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theorize  that  incoming  light  is  either  Doppler  frequency  upshiftetl  (p  =  1)  or  frequency 
downshifted  (p  =  -1)  by  the  sinusoidal  variation  of  the  index  of  refraction.  Figure  2-8  [19] 
depicts  the  setup  well. 


Bragg  Diffraction  Q>1  Raman-Nath  Q<1 


i 

I  t 

Sound  Wave  Propagation  Direction 


Figure  2-8a  "Bragg  Regime"  Figure  2-8b  "Raman-Nath  Regime" 


Follow  on  experiments  to  Brillouin’s  work  by  Debye  and  Sears  and  Lucas  and  Biquard 
discovered  a  disturbing  result  that  light  incident  upon  the  AO  material  was  scattered  into 
multiple  orders  of  diffraction  instead  of  the  predicted  two  [2()][21].  See  Figure  2-8b  [22] 
Raman-Nath.  Debeye  and  Sears  correctly  assessed  the  problem  as  a  limited  zone  ot 
interaction  within  the  material  and  derived  the  criteria  under  which  the  Bragg  Condition 
could  be  met.  The  condition,  in  the  original  paper,  was  that  L/A  (L=interaction  length  and 
A=acoustic  wavelength)  is  large  compared  to  A IX.  This  has  since  evolved  into  today's 
commonly  used  relation  of  [23] 


Q- 2kx 


[2.5-2] 
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where  Q  is  the  quality  factor  and  XL/nA2  is  the  Debye-Sears  ratio.  The  explanation  for  the 
multiple  order  diffraction  pattern  and  hence  a  more  complete  understanding  of  acousto-optic 
phenomenon  came  with  a  series  of  papers  by  Chandrasekhara  Raman  and  N.S.  Nagendra 
Nath  [24].  From  1935  to  1936,  Raman  and  Nath  derived  exact  relations  between  multiple 
diffracted  orders  (see  Figure  2-8b  "Raman-Nath  Regime")  via  a  coupled-mode  analysis. 

Modulator  Basics 


The  result  of  the  historical  development  is  that  loss  modulators  are  generally 
operated  in  one  of  two  regions:  the  Bragg  regime  or  the  Raman-Nath  regime.  The  location 
of  each  regime  is  determined  by  the  Debeye  and  Sears  relation  [2.5-2]  where 


Raman-Nath  Regime  Q  <  1 
Bragg  Regime  Q  >  1 


Typical  acoustic  frequencies  in  the  Raman-Nath  regime  are  10  MHz  or  lower  [25].  As 
acoustic  frequency  is  increased,  the  Raman-Nath  multiple  order  diffraction  disappears  and 
the  single  orders  of  the  Bragg  regime  prevail.  The  efficiency  of  an  acousto-optic  modulator 
to  diffract  light  in  the  Bragg  regime  is  [26] 


n 


f 

=  sin2 

V 


XLjMIgf-' 
AV2cos0fl  ^ 


[2.5-3] 


where  L  =  interaction  length/sound  column  width 

la  =  intensity  of  acoustic  wave/acoustic  drive  power 
M  =  figure  of  merit  (FOM) 

4>b  =  Bragg  angle  (as  defined  previously) 
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The  device  figure  of  merit,  M,  is  a  nomenclature  system  first  devised  by  Smith  and  Korpel 
[27].  The  most  commonly  used  value,  M2,  is  given  by  [28] 

M2  =  n6p2/pv3  where  n  is  the  index  of  refraction 

p  is  the  effective  photoelastic  constant 
p  is  the  density  of  the  material 
v  is  the  velocity  of  sound  in  the  medium 

Other  values  of  M  have  been  developed  and  are  Mi  which  considers  bandwidth  [29]  and 
M3  which  is  independent  of  the  optical  beam  dimensions  [30].  Typical  values  are  [31] 


Material 

■ 

Wave¬ 
length  [|im] 

Density 

Mode  & 

propagation 

direction 

■ 

Index  of 

refrac¬ 

tion 

M, 

[10‘7 

cm  s2/g] 

m2 

[1013 

cm  s3/ul 

m3 

[  1013 

cm  s2/r] 

ADP 

.13-1.7 

.633 

2.34 

L(tOO) 

6.15 

1.58 

16.0 

2.78 

2.62 

Te 

5-20 

10.6 

6.24 

L(tOO) 

2.20 

4.80 

10.200 

4400 

4640 

Also,  the  modulation  bandwidth  of  a  typical  device  is  in  the  Kilohertz  range  with  the 
bandwidth  defined  by  [32] 


Bandwidth  =  4/r—  [2.5-4] 


where  Qc  is  the  value  of  Q  [2.5-2]  at  the  central  frequency  (Fc). 


2.6  Amplitude  (AM)  Modulation 
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For  amplitude  modulation  to  occur,  a  loss  modulator  is  inserted  into  a  laser  cavity 
experiencing  buildup  and  modulated  at  the  c/21  (longitudinal  frequency  spacing)  or  some 
multiple  of  it  to  allow  the  creation  of  circulating  pulses  of  narrow  width.  Figure  2-9  [33] 
depicts  how  the  modulator  is  operated  in  relationship  to  the  longitudinal  cavity  mode 
spacing  and  the  maximum  transmission  of  the  modulator  where  2Am  is  the  peak-to-peak 
modulation  index  or  depth  of  modulation  and  com  =  2rcx  (c/2l). 


Figure  2-9  "Modulator  Transmission  Characteristics" 

The  mathematical  analysis  of  AM  modulation  is  carried  out  in  a  convenient  manner 
using  the  circulating  gaussian  pulse  analysis.  The  analysis  is  justified  in  its  use  of  the 
gaussian  pulse  shape  by  the  rapid  convergence  off  an  intracavity  pulse  to  near  gaussian 
form  within  a  very  few  round  trips,  as  seen  in  Figure  2-10  [34].  The  way  in  which  the 
gain  is  broadened  dramatically  changes  the  analysis.  Homogenous  broadening  will  be 
considered  first  and  then  the  inhomogenous  case. 
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Figure  2-10  "Gaussian  Pulse  Convergence" 


HOMOGENEOUSLY  BROADENED  GAIN 


A  circulating  gaussian  pulse  analysis  of  a  cavity  without  the  mode  locker  installed 
yields  the  fractional  change  in  the  gaussian  pulse  parameter  (before  passage  through  the 
gain  the  parameter  is  unprimed  and  after  is  primed)  as  [35] 


i—2 

A  0)1 


[2.6-1] 


where 


Gaussian  Complex  Pulse  Parameter  is  T  -  a-  jp 
E{r)  =  exp[-Tr  +  jajj] 

{(Q-co,,)2' 

4r 

amPm  =  '‘Hind  trip  gain  coefficient 
=  atomic  lincwidlh 


E{r)  =  exp 


The  same  analysis  can  be  repealed  with  an  AM  modulator  installed.  The  modulator 
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transmission  function  of  such  a  device  (see  Figure  2- 10)  can  he  written  as 


L  =  exp[- A„,  ( 1  -  cos  coj )]  [2.6-2] 

where  G)m  is  an  integer  multiple  of  the  axial  frequency.  Applying  this  equation  and  the 
condition  that  the  pulse  width  is  much  shorter  than  the  AM  modulation  period  yields  the 
fractional  change  in  the  gaussian  parameter  due  to  AM  modulation  [36] 

»  2 

r"  -  r  =  +-^p-  [2.6-3] 


where  the  double  primed  parameter  now  indicates  a  change  in  the  primed  parameter  after 
passage  through  the  modulator.  The  pulse  broadening  (frequency  narrowing)  of  [2.6-1] 
competes  with  the  pulse  narrowing  (frequency  broadening)  of  [2.6-3]  and  yields  a  steady 
state  round  trip  solution  of 


f" 


P'  ss  |-2  | 

A  Co]  2 

=  0  for  steady  state  mode  locking 


[2.6-4] 


In  the  steady  state  case,  the  gaussian  parameter  is  [37] 


\* 


r  = 

1  ss 


m  J 


v„Aau 

4V2 


[2.6-5] 


which  leads  to  the  useful  expression  for  the  steady  state  pulse  width  of  a  homogeneously 
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broadened  gain  medium  of 


i’p*ss.h 


a- P„ 

A„2 


Vs' 


l 


* 


fM.\ 


[2.6-6] 


where  fm  is  the  modulation  frequency.  From  this  it  can  he  seen  that  the  mode  locked  pulse 
width  decreases  with  increasing  modulation  power  and  increasing  gain  bandwidth.  This 
equation  can  also  be  written  in  another  form  as  [38] 


0.5 


[2.6-7] 


where  N  is  the  number  of  modes  that  can  Fit  under  the  FWHM  of  the  gain  bandwidth  each 
separated  by  the  cavity  c/21  frequency. 

INHOMOGENEOUSLY  BROADENED  GAIN 


The  analysis  of  inhomogeneously  broadened  gain,  by  contrast,  is  much  easier  due 
to  the  fact  that  frequency  components  sample  the  gain  independently  across  the  entire  line 
width.  In  this  situation,  the  mode  locker  device  simply  brings  into  phase  the  already 
oscillating  modes  as  opposed  to  pushing  energy  into  side  band  modes  in  the  homogenous 
case.  Therefore,  in  the  inhomogenous  case,  the  number  of  modes  available  is 
approximately  the  Doppler  width  divided  by  the  axial  mode  spacing.  Then,  from  Fourier 
Transform  arguments,  the  pulse  width  is  approximately  [39] 


.5  .5 

Tp  "  A fd  "  NaAfm 


[2.6-8] 
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where 


A/^  =  atomic  linewidth 
A/- =  modulation  frequency 
N  =  number  of  modes  present 
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3.  EXPERIMENT 


3.1  Apparatus  Setup 

The  experimental  apparatus  for  the  longitudinally  pumped  photolytic  I*  laser  is 
shown  in  Figure  3-1.  A  Questek  Excimer  Laser,  using  KrF,  provides  a  pump  source  at 
248  nm  and  is  focused  into  the  cell  at  the  cotter  of  die  gain  medium.  The  dichroic  minor 
used  to  turn  the  beam  into  the  cell  is  anti-reflection  coated  for  1.313  p  at  43°  while 
reflecting  greater  than  90%  of  the  incident  UV  beam.  Because  of  injection  losses  only, 
66.3%  of  the  energy  of  each  excimer  pulse  is  available  to  be  absorbed  by  the  gain  medium. 
Excimer  pulse  energy  averages  about  220  ±lQmJ  with  a  FWHM  of  18-20  ns.  Detection 
of  the  excimer  pulse  is  via  an  FND-100Q  fast  detector.  In  most  cases,  this  pulse  serves  as 
the  trigger  source  for  data  collection.  The  exception  occurs  when  detecting  mode  locked 
pulses.  To  achieve  maximum  real  time  sampling  rates  on  the  oscilloscope  (1  GHz),  only 
one  source  can  be  connected  and  hence  becomes  the  trigger.  Fast  pulse  detection  of  die 
laser  IR  pulse  comes  from  an  Opto-Electronics,  78  ps,  ultra-fast  detector  displayed  on  a 
Tektronics  602A  Oscilloscope.  The  combined  detection  speed  limit  of  1  ns  is  due  almost 
exclusively  to  the  preamp  bandpass  of  1  GHz  cm  the  plug  in  module  of  the  oscilloscope. 
IR  pulse  energy  detection  is  via  a  Laser  Precision  joule  meter  (Model  RJP-733).  The 
working  gas  in  the  cell  is  Iodotrifluorome thane,  CF3I.  Purification  of  the  gas,  to  remove 
any  possible  I2,  is  accomplished  by  passing  it  through  a  copper  mesh  embedded  within  a 
glass  cell  line.  All  expended  fuel  is  filtered  through  a  cold  trap  and  removed  cm  a  weekly 
basis.  A  standard  Alcatel  pump  provides  a  nominal  .030  Tore  vacuum  between  gas  fills. 
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The  laser  cavity  used  in  this  experiment  has  a  stable  hemispherical  design  with  a  2  meter 
radius  of  curvature  rear  reflector  and  a  flat  output  coupler  of  varying  reflectivity.  The 
Brewster  windows  on  the  gain  cell  were  both  CaF2  and  quartz.  The  quartz  product  used 
has  an  extremely  low  OH*  content  (<5ppm).  The  latter,  as  will  be  seen,  provided  better 
UV  transmission,  eliminated  the  small  water  absorption  line  at  1.3  pm,  and  nearly  tripled 
output  energy.  Finally,  the  mode  locker  and  radio  frequency  (RF)  synthesizer  used  were 
both  products  from  the  Intra-Action  Corporation.  The  acoustic-modulator  is  a  ML- 
503QWI  model  equipped  with  Brewster's  windows,  a  3  mm  x  3  mm  active  aperture,  water 
cooling,  and  an  operating  RF  input  frequency  of  30  MHz  for  a  standing  wave  modulation 
of  c/2L  at  100  MHz.  The  RF  energy  is  provided  by  a  model  MLE-6B  frequency 
synthesizer.  This  model  can  provide  up  to  10  watts  of  power  in  the  range  of  40  to  80  MHz 
with  a  resolution  of  1  KHz.  Although  designed  specifically  far  1.06  pm  light,  this 
modulator  and  drive  unit  combination  did  provide  a  calculated  30%  diffraction  efficiency  at 
1.313  pm  with  an  RF  drive  power  of  1.94  Watts  [40]. 

ALIGNMENT  AND  DETECTION  PROCEDURES 

The  laser  cell  is  aligned  by  standard  methods  using  a  HeNe  laser.  Fine  tuning  by 
optimizing  energy  output,  however,  is  tedious  due  to  the  single  shot  nature  of  the 
experiment  Special  attention  to  alignment  of  the  IR  energy  meter  is  also  needed  to  avoid 
pyrolytic  effects  on  the  metallic  outer  rim  of  the  detector.  Time  based  detection  of  the  IR 
pulse  requires  optimization  of  the  X-Y-Z  positioning  of  the  PD-20  and  positioning  of  a 
Neutral  Density  (ND)  filter  which  controls  the  4%  of  the  output  beam  taken  to  die  detector. 
Detection  of  the  UV  pulse  is  relatively  straightforward  but  is  plagued  by  electromagnetic 
interference  from  the  excimer  laser  thyratron.  To  reduce  the  noise  in  the  UV  pulse 
measurements,  a  Faraday  Cage  is  placed  around  the  detecta  and  a  piece  of  Plexiglas  is 
placed  under  it  to  prevent  possible  ground  loops  with  the  table. 
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FPI  (Fabry- Perot  Interferometer) 


A  300  MHz  FPI  was  used  to  sample  the  frequency  spectrum  of  the  IR  diode  probe 
output  (see  Figure  3-6).  Of  all  detection  devices  used  in  this  experiment,  the  very  long  300 
MHz  FPI  used  as  part  of  the  probe  setup,  took  the  most  time  to  align.  The  process  of 
maximizing  throughput  while  minimizing  the  line  width  is  somewhat  of  a  black  art  By 
avoiding  the  expansion  of  the  diode  beam  into  the  FPI,  the  time  for  alignment  was  reduced. 
The  cost,  however,  was  a  reduction  in  the  finesse  of  the  device.  See  [3.3-1]  and  the 
discussion  of  finesse. 

MODE  LOCKER  AND  CAVITY  SPACING 

To  obtain  the  correct  angle.  <{>b.  for  loss  modulation  in  the  Bragg  regime,  careful 
alignment  of  the  AOM  is  critical.  To  accomplish  this,  the  cavity  is  initially  aligned  with  a 
HeNe  laser  and  the  AOM  device  in  place.  Once  complete,  the  HeNe  beam  is  modulated  by 
the  mode-locker  operating  with  full  power.  The  diffraction  pattern,  when  viewed  at  the 
opposite  end  of  the  cell,  can  be  adjusted  to  closely  resemble  Figure  3-2  by  rotation  of  the 
Bragg  angle 


Figure  3-2  "Bragg  Spot  Pattern" 


Figure  3-3  "AOM  Rotation  Axis" 
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about  the  axis  listed  in  Figure  3-3  [41].  Although  close  to  a  good  alignment  at  this  stage, 
fine  tuning  of  the  angle  is  improved  while  the  laser  is  operating  at  its  1.313  pm  output 
wavelength.  During  this  time,  the  cavity  length  must  be  very  close  to  the  correct  length  that 
corresponds  to  the  axial  frequency  of  (c/2L)  or  99.992  MHz.  The  next  step  in  alignment 
involves  flowing  the  CF3I  to  allow  for  a  2-3  Hz  operation  for  a  short  period  of  time.  When 
in  this  mode,  the  cavity  length  is  adjusted  with  a  linear  translation  stage  on  the  rear 
resonator  white  the  Anal  Bragg  angle  adjustment  is  made.  TEM*,  is  selected  by  adjusting 
an  intracavity  iris  while  viewing  the  FFT  of  the  output  pulse.  The  transverse  mode  spacing 
of  a  resonator  is  given  by  [42] 

A^=(cos-^)^  P'-n 

where  &  =  1--— 

index  of  refraction 
L  =  cavity  length 
c  =  speed  of  light 

For  the  cavity  length  of  1.44  m,  g2=2  m,  gi=  «>,  the  transverse  mode  spacing  is 
approximately  33.6  MHz.  All  transverse  higher  order  modes  of  this  spacing  decay  below 
threshold  as  the  iris  is  adjusted. 

3.2  I*  Laser  Characteristics 

To  establish  reliable  measurements  of  this  laser  system,  a  constant  knowledge  of 
the  pump  energy  and  how  much  is  deposited  into  the  working  gas  is  needed.  At  the  start  of 
the  design  process,  a  second  dichroic  mirror  was  not  placed  within  the  cavity  to  couple  the 
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UV  pump  energy  out  of  the  laser  for  measurement  Instead,  careful  measurements  were 
made  of  the  absorption  of  pump  energy  by  CF3I  at  the  various  pressures  to  predict  the 
absorption  that  would  occur.  A  stochastic  knowledge  of  the  UV  pump  energy  and  its  shot 
to  shot  deviation  was  made  prior  to  each  test  Data  was  taken  only  within  IS  minutes  of  the 
measurement  of  mean  pump  energy.  This  short  data  time  ensured  that  the  excimer  pump 
energy  did  not  decay  an  appreciable  amount  Figure  3-4  shows  that  data  (as  a  percentage 
of  mean  shot-to-shot  pulse  energy)  with  an  interpolation  curve  (spline  fit  with  slopes  not 
matched)  between  points.  Keep  in  mind  that  each  data  point  is  a  mean  of  5  absorption 
values  with  a  standard  deviation  that  falls  within  the  thick  interpolation  line.  In  addition, 
the  decay  of  absorption  for  each  fill  of  CF3I  was  monitored  for  5  additional  shots  of  UV 
light.  If  the  decay  pattern  did  not  show  a  consistent  decrease  in  absorption  of  UV  during 
the  5  shots  ( this  situation  is  most  likely  a  large  error  combination  of  the  UV  detector  and 
UV  pulse  energies)  then  the  data  point  was  rejected  and  a  new  one  taken. 


Figure  3-4  "Beer’s  Law  Absorption  for  UV  Pump  Energy" 


With  these  data,  in  the  form  of  an  interpolation  curve,  values  of  energy  absorbed  can  be 
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inferred  with  reasonable  assurance.  To  find  the  amount  of  UV  light  absorbed  for  a  given 
shot,  the  mean  UV  energy  is  measured  and  multiplied  by  the  66.5%  ( measured  percentage 
of  energy  available  to  the  cell)  and  then  multiplied  again  by  the  interpolation  curve  at  the 
appropriate  value  of  CF3I  pressure. 

With  the  setup  as  described,  the  following  data  were  taken  prior  to  mode  locking 
and  will  be  discussed  in  Section  4: 

Energy  versus  Pressure  Curves 
Power  versus  Transmission  Curves 
Cavity  Buildup  Time  versus  Pressure 
Cavity  Buildup  Tune  versus  Cavity  Length 
Mode  Beating  Profiles 
Small  Signal  Gain  versus  Pressure 


3.3  Small  Signal  Gain  Measurement 

DIODE  PROBE  DEVICE 


To  measure  the  gain  in  the  cell  after  the  gas  has  been  excited  by  the  UV  pump,  a 
narrow  source  of  1.31pm  light  from  a  solid  state  diode  is  used.  This  source  of  IR  light  has 
a  narrow  bandwidth  compared  to  that  of  the  gain  medium,  and  its  central  frequency 
coincides  with  that  of  the  hyperfine  3-4  transition.  Figure  3-5  shows  the  diode  probe 
setup.  To  provide  a  narrow  source  from  a  solid  state  1.3  lp  diode  device,  a  process  of 
feedback  and  filtering  is  employed.  Filtering  is  done  by  sending  the  multi-mode  output  of 
the  diode  through  a  1  meter  McPherson  Monochrometer.  The  monochrometer  uses  a  1200 
line/mm  grating  blazed  at  1.2  pm  with  the  entrance  and  exit  slits  wide  open.  This 
configuration  allows  a  slit  function  that  can  pass  most  of  the  energy  from  a  chosen 
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longitudinal  axial  mode  while  eliminating  all  others.  The  feedback  provided  from  a  2.5 
GHz  Fabry  Perot  with  piezoelectric  positioning  narrows  the  axial  mode  to  be  used  while 
still  preserving  most  of  its  output  energy.  To  ensure  that  the  resultant  probe  signal  is 
precisely  centered  on  the  desired  hyperfine  3-4  transition,  it  is  sent  into  an  iodine  hot  cell. 
The  cell  is  kept  at  630  °C  to  ensure  the  disassociation  of  I2  into  I.  The  probe  signal  is 
compared  pre  and  post  cell  while  scanning  it  with  a  ramped  current  source.  In  this  manner, 
the  absorption  dips  which  correspond  to  the  area  of  interest,  can  be  found.  The  scan 
below.  Figure  3-6,  is  centered  on  the  area  of  the  3-4, 3-3,  and  3-2  hyperfine  transitions. 


Selection  of  one  of  these  absorption  peaks  is  straightforward  once  the  area  is  found.  It  is  of 
considerable  importance  to  note  here  that  the  entire  hyperfine  structure  could  not  be  scanned 
in  a  stable  manner  with  current  tuning  alone.  The  particular  diode  used  for  this  experiment 
could  not  reliably  reach  the  hyperfine  2-3,  2-2, 2-1,  transitions  near  threshold  current,  even 
with  the  use  of  both  temperature  and  current  tuning.  In  fact,  it  would  only  be  through  a 
combination  of  luck  and  extremely  precise  factory  specifications  that  would  produce  a 
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diode  whose  output  is  centered  between  the  3  and  2  hyperfine  transition  levels  so  that  it 
could  be  scanned  across  its  linear  current  regime  at  a  low  non-multimode  temperature  and 
reach  both  hyperfine  areas. 

Once  the  final  signal  is  prepared,  its  bandwidth  is  checked  on  a  300  MHz  Free 
Spectral  Range  (FSR)  Scanning  Fabry  Perot  Interferometer.  The  oscilloscope  trace  below. 
Figure  3-7,  is  typical. 


The  finesse  of  a  Fabry  Perot  device  is  given  by 


F  = 


Av 

Au1/: 


[3.3-1] 


where  Ad  is  the  FSR  and  Ad  1/2  is  the  bandwidth  of  a  transmission  maximum,  defined  as 
the  full  width  at  half  maximum.  The  finesse  of  the  device  used  is  near  150,  but  the  results 
in  the  actual  measurement  gave  a  value  60.  The  difference  in  the  two  values  can  be 
attributed  to  the  alignment  process  where  the  input  beam  was  not  expanded  to  till  the  entire 
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mirror  aperture.  The  measured  value,  however,  is  acceptable  because  the  width  of  the 
probe  signal  is  less  than  or  equal  to  5  MHz.  Therefore,  in  relationship  to  the  gain 
bandwidth  (>250  MHz),  the  probe  signal  is  much  more  narrow  and  the  need  to  perform  a 
deconvolution  of  the  measured  signal  to  get  the  true  gain  is  negated. 

GAIN  MEASUREMENT  SETUP 

The  output  of  the  probe  setup  is  sent  via  a  single  mode  fiber  to  the  experiment  To 
reduce  unwanted  spontaneous  emission  from  the  cell  into  the  measurement,  a  double  pass 
system  is  used  as  shown  in  Figure  3-8  where  the  fiber  input  comes  trom  Figure  3-6. 


Figure  3-8  #  "Pump  and  Probe  Overlap" 


The  fiber  output  is  sent  through  a  combination  linear  polarizer  and  quarter  wave  plate 
before  traveling  down  and  back  through  the  cell.  With  liber  collimating  optics,  the  signal 
was  focused  at  the  center  of  the  cell  during  the  first  pass  to  match  the  tapered  profile  of  the 
pump  beam.  Upon  reflection,  the  beam  diameter  was  not  controlled  and,  therefore,  a  small 
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probed  volume,  upon  return,  is  not  excited  by  the  pump.  As  can  be  seen  by  the  figure,  the 
excimer  pump  beam  is  rectangular  with  dimensions  of  12.7  mm  x  19. 1  mm  at  entrance  into 
the  gain  cell.  A  variable  X-Y  positioning  device  was  built  allowing  the  entire  fiber/detector 
combination  to  be  positioned  at  the  optimum  gain  location.  The  final  output  is  monitored  by 
a  Judson  J 16D  germanium  IR  detector.  For  all  measurements  the  Judson  was  biased  in  the 
fast  detection  mode  and  was  uncooled.  With  the  setup  as  listed  above,  the  gain  was 
measured  in  two  different  ways. 

DIRECT  MEASUREMENT 


The  first  measurement  was  via  direct  detection  of  the  signal  with  and  without 
amplification.  To  accomplish  this  goal,  the  probe  signal  with  (I)  and  without  (Io) 
amplification  must  be  known.  Once  I  and  Io  are  known,  a  Beer-Lambert  absorption  can  be 
assumed  to  obtain  the  value  of  small  signal  gain  per  unit  length.  The  formula  used  is 


]_ 

Io 


f  4 .  V  „  , 

Baseline  Gain  =  g°Li 


Baseline 


[3.3-2] 


where  Lg  is  the  total  gain  length  probed,  do  is  the  gain  per  unit  length,  Veasctinc  is  the 
baseline  voltage,  and  Vcain  is  the  voltage  with  gain.  It  is  of  importance  to  note  the 
detriment  in  using  a  Beer-Lambert  absorption  to  distribute  gain  across  a  medium  whose 
absorption  profile  is  most  probably  not  an  exponential  one.  The  problem  here  is  that  due  to 
optics  limitations,  the  UV  pump  for  the  gain  cell  had  to  be  focused  into  the  middle  of  the 
cell.  This  type  of  focusing  creates  a  greater  region  of  gain  in  the  middle  of  the  cell  than 
would  be  expected  from  a  standard  pump  beam  where  gain  would  exponentially  decrease 
from  the  beginning  to  the  end  of  the  cell. 


3.4  Mode-Locking 
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With  the  I*  laser  fully  characterized,  the  mode-locking  experiments  were  started. 
After  the  alignment  procedures  (see  section  3. 1).  The  following  data  was  taken 

Pulse  Width  versus  Pressure  (CaF2  and  Low  OH'  Windows) 

Pulse  Width  versus  Modulation  Intensity  (CaF2  and  Low  OH'  Windows) 

Results  and  discussion  are  located  in  section  4.4. 

3.5  Multi-Pulse  Effects 

The  last  experiments  to  be  accomplished  were  observations  of  the  multi-pulse  effect 
at  low  pressures.  The  laser  setup  was  changed,  after  exploration  with  the  computer  model, 
so  that  no  intracavity  elements  (except  the  dichroic  turning  mirror)  were  present  and  the 
shortest  possible  cavity  length  obtained.  Studies  of  the  pulse  output  versus  pressure  were 
made  with  considerable  damage  to  cavity  resonator  optics  at  the  lowest  pressures  due  to  the 
still  focused  UV  pump  beam.  All  results  and  theoretical  conjecture  of  the  double  pulse 
observations,  though  extremely  interesting,  do  not  bear  a  direct  impact  on  completing  the 
mode  locking  goals  of  this  experiment.  Therefore,  this  information  will  be  placed  in 
Section  6  under  future  experiments. 


4.  RESULTS  AND  DISCUSSION 

4.1  I*  LASER  CHARACTERISTICS 

With  the  setup  described  in  Section  3,  data  were  taken  on  energy  versus  reflectivity 
/transmission  for  the  longitudinal  laser  cell.  The  following  six  graphs  were  then  selected 
(Figure  4-1  &  4-2).  The  cavity  length  is  1.44  m,  the  gain  length  is  22.4  cm,  and  the  cavity 
configuration  is  hemispherical  (2  m  curvature).  The  optimum  energy  output  occurs  at  a 
pressure  near  20  Torr  with  an  output  coupler  of  70%  reflectivity.  Each  curve  of  energy 
versus  pressure  of  CF3I  exhibits  expected  rollover  behavior  at  high  pressures.  The  high 
gain  of  this  laser  is  exhibited  by  the  last  graph  in  Figure  4-1  which  shows  significant 
energy  output  even  with  a  piece  of  glass  as  the  output  coupler.  The  graphs  of  Figure  4-2 
show  a  greater  variation  in  the  data  points  due  to  the  need  to  realign  the  laser  cavity  and 
detectors  for  a  change  in  output  coupler. 
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The  following  graph  depicts  power  versus  output  coupler  transmission  under  optimum 
conditions.  The  rigrod  type  curve  fit  is  drawn  to  aid  the  eye  only. 


PowmkW) 

Powtr  vs  Truss issiot  014  Torr 


Figure  4-3  "Power  vs  Output  Coupler  Transmission  @  14  Torr” 

The  peak  energy  and  power  of  5.7  mJ  and  15.5  kW  of  were  recorded  at  14  Torr  with  the 
30%  transmission  output  coupler.  For  this  case,  the  average  excimer  UV  energy  was  238 
mJ.  66.5%  of  this  energy  is  available  to  the  gas  which  at  14  Torr  absorbs  92%  (see  Figure 
3-5).  In  all.  144  mJ  is  absorbed  by  the  CF3I  at  14  Torr.  Each  quanta  of  light  absorbed  at 
248  nm  produces  an  I*  which  can  lase.  Therefore,  at  most,  1.8  x  1()20  I*  atoms  are 
produced  during  photolysis.  If  all  of  these  I*  atoms  were  to  lase  through  stimulated 
emission,  the  output  energy  could  be  18.13  mJ.  This  yields  an  extraction  efficiency  of 


Measured  Output  Energy 
Theoretical  Output  Energy 


5.7  mJ 
1 8. 1 3  mJ 


=  31% 


[4.1-1] 


The  relative  shape  of  the  curves  and  their  departure  from  a  smoother  look  at  the 
50%  transmission  output  coupler  data  point  is  most  likely  due  to  systemic  reasons.  First, 
the  50%  output  coupler  was  quite  large  in  size  (6”)  and  required  a  temporary  movement  and 
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realignment  of  the  energy  and  pulse  shape  detection  system.  Second,  this  set  of  data  points 
was  taken  last  and  after  a  long  (almost  3  hour)  delay.  The  possibility  of  poor  realignment 
and  excimer  output  energy  decay  can  account  for  the  droop  in  the  curves  at  50% 
transmission. 

ENERGY  VS  TRANSMISSION  (DIFFERENT  WINDOW  MATERIALS) 

It  is  of  interest  to  note  the  impact  of  changing  Brewster  window  material  while 
keeping  all  other  parameters  fixed  or  as  close  to  the  previous  measurements  as  possible. 
The  specialized  quartz  material  offered  an  improved  transmission  of  UV  light  by  5%  while 
essentially  eliminating  the  water  absorption  line  at  1.32  (im  present  in  both  CaF2  0r 
"normal"  UV  grade  quartz.  Energy  extraction  of  the  laser  improved  by  nearly  three  times. 

CAVITY  BUILDUP  TIME  VS  PRESSURE 

The  cavity  buildup  time  is  measured  from  the  peak  of  the  UV  signal  to  the  onset  of 
a  detectable  rise  in  the  IR  signal  with  the  math  functions  of  the  digital  oscilloscope.  The 
graph  displays  the  results  for  the  14  Torr  case  at  the  optimum  output  coupler  of  30% 
transmission.  The  graph  also  shows  the  expected  dip  in  the  cavity  buildup  time  near  the 
optimum  energy  output.  The  buildup  time  increases  at  the  extremes  of  low  and  high 
pressure,  as  expected. 
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The  same  procedures  are  employed  to  make  the  cavity  buildup  lime  versus  cavity  length 
measurements  as  per  the  previous  graph.  Figure  4-5  shows  the  results.  At  long  cavity 
lengths  a  linear  increase  of  buildup  time  with  change  of  pressure  results.  Data  below  1.2m 
could  not  be  taken  due  to  mirror  damage,  but  cavity  buildup  time  there  would  level  off  to 
minimum  value. 
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Figure  4-5  "Cavity  Buildup  Time  vs  Cavity  Length  @  18  Torr" 

MODE  BEATING  FOR  TWO  LONGITUDINAL  MODES 

Some  time  was  spent  examining  the  transverse  and  longitudinal  structure  of  this 
laser  just  prior  to  mode  locking  (see  "Alignment  Procedures”).  With  the  appropriate 
adjustment  of  the  intracavity  iris  and  selection  of  a  very  low  pressure  of  CF3I,  the  gain 
bandwidth  can  be  made  small  enough  to  support  only  two  modes.  Classic  mode  beating 
(see  Section  2.3)  is  the  result.  Figure  4-6,  shows  typical  oscilloscope  traces  with  associate 
FFT  (Fast  Fourier  Transform)  confirming  the  longitudinal  mode  spacing  at  a  100  MHz. 
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Figure  4-6  "Mode  Beating  @  2  Torr  with  associate  FFT" 


4.2  GAIN  MEASUREMENTS 

DIRECT  MEASUREMENTS 


All  measurements  of  gain  versus  pressure  were  time  based  in  nature  using  the  setup 
described  in  Section  3.  A  mechanical  chopper  was  placed  into  the  probe  beam  path  and  the 
AC  component  of  the  voltage  signal  was  measured  to  get  I0.  The  baseline  or  I0 
measurement  was  repeated  for  each  value  of  pressure  to  insure  consistency  when  faced 
with  thermal  or  vibrational  variations  in  the  output  intensity  of  the  probe  beam.  The  value 
of  I  is  obtained  from  the  addition  of  the  AC  component  of  the  probe  with  and  without  gain. 
Peak  small  signal  gain  is  then  calculated  from  [3.3-2].  Fluorescence  from  the  optical 
components  due  to  the  UV  pump  beam  could  not  be  completely  filtered  out.  Even  with  a 
second  dichroic  mirror  placed  in  front  of  the  detector  to  dump  the  residual  UV  energy 
aside,  fluorescence  from  the  optical  components  could  not  be  removed.  To  compensate  for 
this  in  the  final  measurement,  a  time  based  trace  of  the  effect  was  subtracted  using 
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oscilloscope  math  functions.  As  before  with  the  baseline  measurements,  a  new  trace  of 
florescence  was  taken  with  no  gas  in  the  cell  prior  to  each  pressure  reading.  Figure  4-7 
shows  the  process  of  removing  fluorescence  from  a  typical  measurement 


Signal  with  Gain  Upper  Plot  Final  Signal  for  Use  in  Peak 

Flourescense  Only  Lower  Plot  Signal  Gain  Measurements 


Figure  4-7  "Fluorescence  Subtraction" 


It  is  interesting  to  note  the  acoustic  shock  wave  (changes  in  the  index  of  refraction)  overlaid 
on  the  gain  measurement.  The  time  required  for  one  period  of  the  wave  (just  after  the  peak 
gain)  is  the  time  needed  for  a  radial  shock  wave  to  travel  from  the  center  of  the  gain  cell, 
reflect  off  the  walls,  and  return  to  the  center  at  298  °K.  To  complete  the  broader  picture  of 
gain  versus  pressure,  the  peak  value  of  gain  for  each  trace  (as  depicted  in  Figure  4-7)  was 
used  in  the  following  graph. 
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Figure  4-8  "Peak  Small  Signal  Gain  vs  Pressure" 

BACKUP  TO  DIRECT  MEASUREMENTS 

One  method  of  checking  the  results  of  the  direct  gain  measurement,  is  to  calculate 
the  amount  of  UV  energy  deposited  within  the  cell  and  then  to  check  to  see  if  the  volume 
probed  by  the  diode  laser  is  sufficient  to  account  for  the  gain.  This  type  of  check, 
however,  is  subject  to  strong  error  influences.  The  variation  in  UV  shot-to-shot  pulse 

energy  along  with  the  inability  to  obtain  an  accurate  probe  beam  diameter,  makes  this 

» 

measurement  only  good  enough  to  provide  an  upper  and  lower  bound  for  the  direct 
measurement. 

First  of  all,  the  pulse-to-pulse  average  energy  is  measured.  Secondly,  the  shape  of 
the  probe  beam  is  measured  at  both  entrance  and  exit  to  provide  an  accurate  picture  of  the 
volume  of  excited  iodine  being  probed.  Figure  3-8  depicts  the  probe  shape  along  with  that 
of  the  pump  beam.  Once  the  pumped  volume  and  the  probed  volume  is  known,  the  overlap 
can  be  computed  to  get  the  volume  of  I*  that  has  been  interrogated.  This  overlap  is  about 
50%,  but  on  the  return  trip  of  the  probe  beam  through  the  pumped  region,  a  significant  area 


of  non-overlap  occurs,  hence  the  large  error  in  this  calculation. 

Using  the  experimental  evidence,  discussed  in  section  2.1,  that  one  photon  of 
incoming  UV  light  photolizes  CF3I  into  CF  and  I*,  the  value  of  gain  can  be  obtained.  The 
needed  gain  equations  are 


Y  = 


Aa2 


N  N 

upper  **  lower 


[4.2-1] 


where  Am  =  Einstein  Coefficient  for  3  -  4  Transtion 
A34  =  Wavelength  for  3  -  4  Transtion 
N  =  Population  of  Upper  State  which  is  Lasing 
N  lower  =  Population  of  Lower  State  which  is  Lasing 
g(v)  =  Line  Shape  Function 


This  reduces  to 


7  = 


where 


[4.2-2] 


due  to  the  assumption  that  during  the  photolysis  event  the  population  is  deposited  with 
statistical  weighting  into  only  the  upper  hyperfine  levels  where  the  population  in  F=3  is 
7/12 's  of  the  total  I*  produced.  Figure  4-9  shows  the  combination  of  these  calculations 
which  provide  upper  and  lower  bounds  when  overlaid  on  Figure  #4-8.  Thus  the  direct 
measurements  lie  within  the  upper  and  lower  bounds  of  gain  that  can  be  measured  in  the 
higher  pressure  regime  (>10  Torr).  However,  direct  measurements  deviate  from  the 
bounds  of  possible  gain  at  pressures  less  than  10  Torr.  The  reason  for  the  deviation  is 
possibly  due  to  the  optimization  that  was  done  to  measure  gain  directly.  The  use  of  an  X-Y 
positioning  device  to  secure  the  highest  peak  gain  measurements,  ensures  that  lower 
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Figure  4-9  "Direct  and  Indirect  Gain  Measurements" 

values  would  be  obtained  elsewhere.  It  is  conceivable  then,  that  if  the  average  peak  gain 
for  various  positioning  of  the  probe  device  were  plotted,  the  point  values  of  gain  in  Figure 
4-9  would  fall  between  the  error  bounds  throughout  the  range  of  pressures.  This  analysis 
is  an  indication  of  the  non-exponential  distribution  of  the  gain  within  the  cell  due  to 
focusing  of  the  UV  pump  energy. 

4.3  AM  MODE  LOCKING 

The  setup  and  alignment  procedures  for  taking  mode  locked  pulse  data  is  listed  in 
Section  3.  As  was  stated  previously,  to  achieve  the  maximum  resolution  of  one 
nanosecond,  the  oscilloscope  was  reconfigured  to  trigger  off  only  the  IR  source.  Hence, 
the  typical  trace  of  Figure  4- 10  does  not  include  the  UV  pump  pulse.  The  cutoff  of  the 
pulse  train  is  due  to  the  high  threshold  trigger  required  to  avoid  recording  the 
electromagnetic  noise  from  the  excimer  pump  laser  thyratron.  At  this  point,  a  necessary 
step 
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This  compares  well  to  the  theoretical  dependence  upon  Am1/J  predicted  by  AM  mode 
locking  theory. 

The  following  two  figures,  4-12  and  4-13,  represent  the  culmination  of  this  mode 
locking  experiment  via  two  graphs  of  minimum  pulse  width  versus  pressure  of  CF3I . 


Figure  4-13  "Minimum  Pulse  Width  vs  Pressure  for  Quartz  Windows 


The  cavity  parameters  are:  Cavity  Length  =  1.44  m.  Gain  Length  =  22.4  cm,  30% 
transmissive  output  coupler,  2  m  curvature  rear  mirror,  and  the  modulation  intensity  at 
maximum.  Close  examination  of  these  plots  reveals  some  interesting  results. 

MINIMUM  PULSE  WIDTH 

First  of  all,  the  smallest  pulse  width  measured  was  with  the  CaF2  windows  and  not 
the  low  OH*  quartz  windows.  Although  disturbing  at  first,  this  result  is  to  be  expected 
noting  the  huge  impact  the  quartz  windows  had  on  improving  output  energy.  Since  the 
ability  to  lase  is  much  stronger  with  the  quartz  windows,  it  is  likely  that  the  AOM  device, 
while  acceptable  in  the  higher  loss  situation,  could  not  provide  sufficient  loss  modulation  to 
narrow  the  modes  lasing.  Although  it  is  true  that  the  quartz  window  equipped  laser  may 
have  greater  access  to  the  wings  of  the  gain  bandwidth,  it  is  easy  to  picture  that  a  wider 
circulating  pulse  (in  the  time  domain)  could  pass  through  the  modulator  because  of  the  lack 
of  sufficient  modulation  intensity.  Presented  another  way,  the  laser  equipped  with  quartz 
windows  could  lase  easily  on  a  simple  glass  wedge  output  coupler  while  the  CaF2 
equipped  laser  could  not  Therefore,  the  improved  quartz  window  laser  needed  an  AOM 
operating  at  a  greater  diffraction  efficiency,  to  achieve  the  same  or  better  results  for 
minimum  pulse  width. 

BROADENING  MECHANISM 

Working  with  low  gas  pressure,  one  would  expect  that  redistribution  of  the  usable 
gain  would  be  slow  in  comparison  to  the  speed  of  its  extraction  by  lasing  during  the  cavity 
buildup  time.  This  is  certainly  the  case  and  is  historically  labeled  inhomogenous  or 
Doppler  broadening  of  the  gain.  The  question  now  is  whether  or  not  the  validity  of 
inhomogenous  broadening  and  its  impact  on  the  minimum  pulse  width  [2.6-7]  extends 
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through  the  data  points  from  1  Toit  out  to  30  Torr.  According  to  [44],  up  to  30  mbar  (22.6 
Torr),  the  gain  spectrum  is  broadened  via  Doppler  Broadening  [45]  through 


where  A0  =  Wavelength  at  Line  Center 
k  =  Boltzman  Constant 
T  =  Temperature  in  °K 
M  =  Molecular  Weight  of  Radiating 
Particle  ( 127kg  /  kmol  for  I*) 


where  Av.a .  is  the  FWHM  in  Hz  of  the  gas  evaluated  at  line  center  of  X0.  When 
collisions  impact  more  strongly  on  the  broadening  of  the  gain,  the  medium  is  said  to  be 
homogeneously  or  collisionally  broadened.  The  line  width  is  then  determined  by  a 
Lorenztian  line  shape  which  has  its  FWHM  at  [46] 


_NQ  16  kT 
VcoU*om  nM 


[4.3-2] 


where  Q  =  Collision  Cross  Section 
N  =  #  Atoms  /  m3 


From  [47]  and  [48]  it  is  known  that  CF3I  contributes  1 1.3  MHz/Torr  while  I*  contributes 
16  MHz/Torr  to  pressure  broadening.  Within  the  confines  of  the  gain  cell,  these  values  of 
pressure  broadening  coefficients  combined  with  the  mole  fraction  of  the  respective  species 
dominate  the  total  pressure  broadening.  The  actual  calculation  shows  that  in  the  range  of 
18-22  Torr,  the  broadening  mechanisms  compete  equally.  Homogeneous  and  in¬ 
homogeneous  broadening  is  intimately  connected  to  the  previously  derived  (Section  2.6) 
minimum  pulse  widths  for  active  mode  locking.  Since  the  transition  between  the  two 
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occurs  within  the  pressure  range  of  data  pants  the  properties  of  both  will  be  apparent 

First  of  all,  focus  attention  to  the  part  of  the  Figures  4-13  and  4-14  from  22  to  30 
Torr.  In  this  range,  pulse  width  is  decreasing.  The  effects  of  homogenous  broadening  are 
beginning  to  manifest  themselves.  From  [2.6-7]  this  qualitative  decrease  would  be 
expected.  The  central  lasing  lines  are  starting  die  collisioaal  communication  process  and 
are  supporting  modes  that  are  not  necessarily  above  threshold  but  that  do  help  to  decrease 
pulse  width.  To  apply  [2.6-7]  here  to  compare  the  experimental  results  would  be  unwise 
because  the  pressure  broadening  effects  do  not  dominate  in  this  region. 

Secondly,  in  the  range  from  10  to  20  Torr,  the  pulse  width  is  undergoing  a 
characteristic  dip  with  a  minimum  near  the  optimum  energy  output  pressure.  In  this  region, 
the  Voigt  line  shape  must  be  used  to  determine  die  gain  bandwidth.  The  effects  of  [2.6-7] 
and  2.6-8  are  competing  equally.  Currendy,  the  shape  of  the  minimum  pulse  width  is  a 
consistent  part  of  the  data  but  remains  unexplained. 

Thirdly,  in  the  range  from  10  to  4  Torr,  the  minimum  pulse  width  is  decreasing. 
This  behavior  is  unexpected.  From  2.6-8  it  would  be  predicted  that  the  pulse  width  would 
level  off  to  a  set  value  that  is  determined  mainly  by  the  Doppler  bandwidth  of  250  MHz. 
One  explanation  for  this  contradiction  is  that  the  gain  bandwidth  is  much  wider  than 
thought  allowing  more  longitudinal  modes  to  exist  under  the  gain  bandwidth  and  hence  a 
more  narrow  than  predicted  pulse  width.  The  next  section  will  approach  this  topic  in  detail. 
At  4  Torr,  however,  a  comparison  of  the  theory  and  experiment  is  in  order  because  [2.6-7] 
should  hold.  With  a  gain  bandwidth  of  295  MHz  (250  MHz,  due  to  Doppler  broadening 
and  45  MHz,  due  to  pressure  broadening),  the  predicted  minimum  pulse  width  is  1.7  ns, 
while  the  measured  minimum  is  1.8  ns. 

KINETIC  ENERGY  CONTRIBUTION  TO  VELOCITY  DISTRIBUTION 

The  process  of  photolysis  in  this  laser  system,  [2.3-1],  is  the  absorption  of  a  UV 
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photon  by  CF3I.  After  this  absorption,  the  products  are  left  with  a  considerable  amount  of 
excess  energy  in  the  form  of  kinetic  energy.  It  is  this  kinetic  energy  that  can  disturb  the 
Doppler  distribution  of  velocities  and  leave  the  inverted  population  with  a  skewed  velocity 
profile.  The  question  then  arises:  "How  is  the  gain  distributed  during  the  time  that  a  laser 
pulse  builds  up  and  has  access  to  that  gain?"  If  the  pressure  inside  the  cell  is  high,  one 
would  expect  that  collisional  processes  would  restore  the  velocity  distribution  back  to 
Doppler  in  a  time  period  less  than  the  cavity  buildup  time.  In  this  laser  system,  the  overall 
pressure  is  very  low  and  collisional  processes  cannot  quickly  restore  the  population  to  a 
Maxwellian  distribution.  To  get  an  idea  of  how  quickly  the  velocity  profile  does  change,  a 
recent  paper  by  Cline,  Taatjes,  and  Leone  [49]  on  nascent  velocity  profiles  of  photo 
fragmented  I*  is  useful.  In  their  paper,  the  photo  fragmented  velocity  profiles  of  I* 
returned  to  a  Maxwellian  distribution  within  5  ps  at  17  Pascal  (0.1  Torr).  At  4  Torr  then,  it 
is  reasonable  to  assume  that  a  circulating  pulse  may  have  access  to  a  much  broader  gain 
profile  during  a  nominal  cavity  buildup  time  of  200-600  ns.  Unfortunately,  the  probe 
signal  in  this  experiment  was  not  of  sufficient  power  to  allow  utilizations  of  a  high  speed 
detector  to  determine  the  approximate  time  jo  return  to  a  Maxwellian  velocity  profile.  So, 
given  the  slow  speed  measurements  erf  the  gain  versus  time,  it  cannot  be  concluded  that  this 
mode  locked  laser  has  access  to  an  increased  gain  bandwidth  during  its  cavity  buildup  time. 
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5.  CONCLUSION 


A  longitudinally  pumped  photolytic  iodine  laser  using  CF3I  as  a  gain  medium  and 
operating  at  a  wavelength  of  1.315  ixm  has  been  acousto-optically  mode  locked  at  a 
pressure  range  of  2  to  30  Torr. 

Characterization  of  this  system,  prior  to  mode-locking,  showed  it  to  be  an  efficient 
and  powerful  laser.  Energy  extraction  efficiency  was  measured  at  21%.  The  maximum 
energy  and  power  recorded  were  5.7  mJ  and  15.5  kW  respectively.  Small  signal  gain  was 
measured  on  the  strongest  hyperfine  transition  (3-4)  with  a  sophisticated  diode  source  of  IR 
light  The  peak  value  of  gain  was  measured  at  3.8  %/cm.  Indirect  measurements  of  gain 
confirmed  this  result 

Once  the  optimal  laser  parameters  were  established,  the  device  was  mode  locked 
with  an  acousto-optic  device.  Studies  of  minimum  pulse  width  versus  pressure  were 
undertaken.  The  minimum  pulse  width  measured  was  1.8  ns  at  4  Torr  which  is  in  good 
agreement  with  the  predicted  value  of  1.7  ns  due  to  inhomogeneous  broadening  of  the  gain. 
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6.  FUTURE  WORK 


DOUBLE  PULSING 

One  interesting  aspect  of  studying  low  pressure  atomic  iodine,  is  the  possibility  of 
lasing  from  two  or  more  hyperfine  allowed  transitions.  It  is  known  that  as  pressure 
decreases,  state  mixing  via  collisions  is  reduced.  This  collisional  reduction  could  translate 
into  reduced  "communication"  between  levels  within  the  fine  structure  52Pi/2  and  52P3/2- 
as  compared  to  the  speed  of  the  radiative  processes.  In  theory  then,  population  could  be 
dumped  out  of  the  upper  state  into  the  ground  state  through  the  weaker  transition  2-2  before 
collisional  energy  transfers  could  equilibrate  energy  back  into  the  3-4  transition  few  it  to 
lase.  Restated,  the  stimulated  emission  field  could  drive  population  out  of  one  transition  3- 
4,  and  the  2-2  transition  (if  above  threshold)  could  also  lase  before  shifting  its  energy, 
through  collisions,  back  to  the  F-3  hyperfine  level.  This  type  of  effect  has  been  observed 
during  a  significant  portion  of  the  mode  locking  experiments  and  I  feel  obligated  to  discuss 
the  attempts  to  quantify  it 

Some  [50]  have  proposed  a  simplified  model  to  examine  the  process  and  predict 
multi-pulse  occurrence.  The  model  assumes  the  levels  behave  as  in  Figure  6-1.  The 
ground  state  is  lumped  into  one  level  because  of  the  rapid  nature  of  mixing  there. 
Efficiency  of  mixing  in  the  lower  level  is  independent  of  the  type  of  perturbing  particle  [51] 
and  is  due  to  Van  Der  Waals  interaction  [52]  and  is  therefore  very  fast  The  upper  level,  on 
the  other  hand,  experiences  a  lesser  mixing  rate.  This  is  due,  in  part  because  for 
electrostatic  collisions  the  upper  level  the  probability  of  a  transition  within  the  hyperfine 
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level  is  zero  in  the  first  order  perturbation,  due  to  Krammer’s  rule  [S3].  This  leaves 
resonant  energy  transfers  with  ground  state  iodine  atoms  as  the 


3 

Upper  Hyperfine  Level 

2 


Lower  Hyperfine  Levels 
Combined  into  One 


Figure  6- 1  "Three  Level  Model" 


main  cause  of  mixing.  In  all,  under  typical  conditions,  the  mixing  in  the  lower  hyperfine 
levels  is  much  greater  than  the  mixing  in  the  upper  hyperfine  levels.  Figure  6-1  can  be 
used  to  aid  in  modeling  the  multiple  pulse  effect. 

A  rate  equation  model  [54]  modified  for  longitudinal  operation  and  whose  state 
mixing  is  built  upon  Figure  6-1  predicts  double  pulsing  under  various  conditions.  A 
computer  simulation  (Figure  6-2),  near  lab  conditions  to  be  used  in  section  4.5,  shows  the 
onset  of  discernible  double  pulsing. 
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Figure  6-2  "Double  Pulse  Plot" 


Other  features  become  apparent  in  the  coupled  rate  equation  model  not  investigated  by  [SO] 
in  their  attempt  to  model  the  multi-line  lasing  effect.  Given  the  appropriate  conditions 
under  computer  simulation,  the  3-4  line  can  lase  and  then  repeat  lase  before  the 


Figure  6-3  "Triple  Pulse  Plot" 
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2-2  line  lases.  This  example.  Figure  6-3  "Triple  Pulse  Plot",  shows  some  interesting 
predicted  effects  in  the  low  pressure  regime. 


Figure  6-4  represents  a  typical  time-based  plot  of  output  energy  for  a  shortened 
cavity.  These  type  of  measurements  were  taken  after  the  mode  locking  experiments  were 
completed  due  to  the  considerable  damage  the  rear  optic  would  suffer.  The  structure  that 
occurs  within  the  first  few  microseconds  is  assumed  to  be  some  type  of  multi-line  lasing 
effect.  Beyond  that  time  frame,  few  explanations  are  yet  available. 


FUTURE  WORK 

Two  experiments  come  to  mind  that  could  answer  some  sticky  questions  raised  by 
this  experiment.  First  of  all,  a  time  and  spectral  based  analysis  of  the  above  multi-line 
effect  could  clear  up  whether  or  not  lasing  is  coming  from  only  the  strongest  transition  (3- 
4)  or  possibly  other  transitions  (2-2,  etc.).  The  long  time  frame  (>5  jis)  multiple  relasing 
could  be  due  to  some  type  of  recombination  process  in  the  lower  hyperfine  level. 


Consistent  repeatable  data  could  be  used  here  to  match  the  rate  equation  computer  model  to 
derive  solid  answers. 

The  second  experiment  would  involve  the  accurate  measurement  of  the  time  based 
gain  with  a  faster  detection  system.  This  data  could  define  whether  or  not  a  mode  locked 
laser,  at  these  low  pressures,  has  access  to  an  increased  bandwidth  (during  cavity  build  up 
time)  and  hence  the  possibility  of  more  narrow  than  predicted  pulses. 
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8.  APPENDIX 


8 . 1  Hyperfine  Population  Rate  Equations 
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8 . 2  Two-Way  Circulating  Intensity  Rate  Equations 
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